T he high dose of radiation delivered via stereotactic radiosurgery (SRS) requires accurate and reproducible immobilization of the head. 7 Accuracy within a range of 1-2 mm is essential to limit irradiation of surrounding anatomical structures. A rigid stereotactic head frame has traditionally been used for fixation in Gamma Knife (GK) radiosurgery.
ing screws secured into the patient's skull, and thus fractionated treatments with head frames are difficult. Frameless fixation is better suited for fractionated treatments. Multiple mask-based modalities have been tested for fractionated treatments using linear accelerator (LINAC)-based systems. [3] [4] [5] [6] 16 More recently, noninvasive fixation has been attempted on modified versions of the Leksell GK system. 9, 15, 17 The latest version, Leksell Gamma Knife Icon (GK Icon), is capable of frameless, noninvasive fixation via a thermoplastic mask. The system utilizes conebeam computed tomography (CBCT) and high-definition infrared (IR)-based motion monitoring to allow for frameless fixation. Thus, the GK Icon can be utilized for fractionated SRT-based GK treatment.
As fractionated GK radiosurgery becomes more prevalent, a better understanding of how motion error associated with mask fixation compares to the uncertainties of frame fixation becomes necessary. In this study, we utilized CBCT to evaluate motion error for frame-based and frameless mask-based fixation using the GK Icon. Motion uncertainties were measured in the translational and rotational directions.
Methods

Patients
The study was conducted with the approval of our institutional review board and represents a retrospective cohort study. Between June and December 2017, 77 patients underwent GK radiosurgery using the GK Icon system. Patients were immobilized in either the standard Leksell head frame or the thermoplastic mask for treatment. The decision to treat patients with either a head frame or the thermoplastic mask was based on the lesion's characteristics, treatment plan, and discretion of the treating neurosurgeon and radiation oncologist.
Clinical Workflow for GK Icon Treatment
For patients undergoing GK treatment with rigid fixation, the Leksell Model G head frame (Elekta AB) was used. Head frames were placed with 4 pins secured into the patient skull by a neurosurgeon prior to the start of the procedure. Same-day MRI studies with the indicator box on were acquired for treatment planning purposes. Prior to treatment, a pretreatment CBCT scan was acquired to obtain the patient position. Following completion of the treatment, a posttreatment CBCT study was obtained. Setup error in the frame-based fixation group was defined as displacement of the skull in the stereotactic space upon setup as noted on pretreatment CBCT compared to its position in the stereotactic space defined by planning MRI. Intrafractionation motion was assessed by comparing the pre-and posttreatment CBCT.
At our institution, patients undergoing immobilization with a thermoplastic mask were brought into the GK center a day before the start of their treatment. At this time, the thermoplastic mask was molded to the contours of the patient's face. A planning CBCT was acquired to obtain the stereotactic reference space. On the day of treatment, the mask was reapplied and a pretreatment CBCT was captured. A single reflective optical marker was placed on the patient's nose tip as a stable anatomical reference point. The pretreatment CBCT was registered to the planning CBCT. Registration information was then transferred to the treatment machine, which allows the patient position to be matched to the stereotactic reference space. Once treatment was initiated, patient position was monitored by IR camera-based tracking at the nose tip. If the motion detected was beyond a preset threshold (default of 1.5 mm), the treatment would be halted. Another set of treatment CBCTs would be needed and registered to the planning CBCT prior to reinitiating treatment. Setup error was assessed by comparing the planning CBCT to the pretreatment CBCT, whereas the intrafractionation motion was compared between treatment CBCT(s) and pretreatment CBCT. Additionally, we assessed IR displacement as the number of treatment stoppages due to reaching the displacement threshold compared to the treatment time and to the treatment fraction number.
Statistical Analysis
All images were transferred to commercial software (Velocity, Varian) for processing. Rigid transformation was used to align the patient skull from one image set to another. Translational and rotational displacements were quantified by setting the center of the frame (100, 100, 100 at the GK stereotactic coordinates) as the center of rotation and the origin of the coordinate system. The absolute translational errors for each immobilization system were reported in the x-(left to right), y-(cranial-caudal), and z-(anterior-posterior) axes, respectively. Absolute rotational errors were measured in the x-(pitch), y-(yaw), and z-(roll) axes. Error was reported as the mean ± standard deviation. The group mean comparison between frame-based and mask-based fixation was performed using a nonparametric Mann-Whitney U-test. The variation between two groups was compared using Levene's test. Since most of our cases were brain metastases, which can include small lesion sizes and in which the coverage may be more vulnerable to motion errors, we also performed a comparison between metastases and nonmetastases. The comparison of error was performed using a nonparametric KruskalWallis test with Dunn's multiple comparisons. A p value less than 0.05 was considered statistically significant. For the mask cases, the assessment of IR displacement as the number of treatment stoppages due to reaching the displacement threshold compared to treatment time and to treatment fraction number was also reported.
Results
Patient Demographics
The CBCT scans from a total of 77 patients were analyzed. Patient characteristics are summarized in Table 1 . Sixty-four patients underwent frame fixation, with preand posttreatment CBCTs obtained. Thirteen patients were treated with mask fixation. The total number of treatment fractions for the mask group was 33. Five patients were treated with a single fraction, 2 with 2 fractions, 3 with 3 fractions, and 3 were treated over the course of 5 fractions. Patients were treated for a variety of intracranial lesions. The lesion most commonly treated was cerebral metastasis (68.8%). Average treatment times for frame and mask fixation for each fraction were 66 ± 50 and 55 ± 25 minutes, respectively. There was no statistical difference in treatment times between the two fixation groups.
Setup Error
Translational and rotational setup errors for framebased and mask-based fixation are summarized in Table  2 . The mean absolute translational error for both fixation groups was small, 1 mm or less. There was no statistical difference in the average translational error between frame-and mask-based fixations. The average rotational error for both groups was also small, less than 1°. Average rotational error in the z-axis was statistically different between frame-and mask-based fixation (0.18° ± 1.3° vs 0.98° ± 1.24°, p < 0.002). There was no difference in the rotational x-and y-axis error. Scatter plots of translational and rotational setup errors for frame-and mask-based fixation are shown in Fig. 1 . The maximal displacement of translational error was higher for mask fixation across all three axes (Fig. 1A) . Similarly, the maximal displacement of rotational error was higher for mask fixation across all three axes (Fig. 1B) . Analysis of the variance in error using Levene's test demonstrated significantly greater variance in the mask fixation than in frame fixation in all translational and rotational directions (Supplemental Table 1 ).
Intrafraction Error
Translational and rotational absolute intrafraction errors for frame-based and mask-based fixation are summarized in Table 3 . Both translational and rotational errors in all directions for frame fixation were minimal. However, the mean absolute error for mask fixation was higher than that for frame fixation in all three directions for both translational and rotational errors. Additionally, the variations of translational error ( Fig. 2A ) and rotational error (Fig. 2B) were much greater for mask fixation across all three axes. Levene's test demonstrated significantly greater variance in the mask fixation than in the frame fixation in all translational and rotational directions (Supplemental Table 1 ).
Metastases Versus Nonmetastases
A subanalysis of setup and intrafraction errors was performed by comparing patients with metastases to those with nonmetastases using a one-way ANOVA analysis of absolute error. There was no statistical difference in the setup translational error for metastases compared to nonmetastases for either frame or mask fixation. There was also no significant difference in x-and y-rotational errors between the fixation groups. The z-rotational error only differed between frame metastasis and mask metastasis on multiple comparisons analysis (Supplemental Fig. 1 ). Mask fixation demonstrated significantly higher intrafraction error than frame fixation for both metastases and nonmetastases patients in both the translational and rotational directions. There was no significant difference between frame fixation for metastasis and frame fixation for nonmetastasis. Similarly, there was no significant difference between mask fixation for metastasis and mask fixation for nonmetastasis in any translational or rotational direction (Supplemental Fig. 2 ).
Infrared-Based Intrafraction Motion
For patients undergoing GK treatment with mask-based fixation, we also measured IR-based intrafraction motion. Infrared tracking was used to monitor patient head movement during the course of radiation delivery. When IR displacement at the nose tip reached a threshold of 1.5 mm, treatment was stopped and a CBCT scan was obtained to reassess for motion error. The number of treatment stoppages due to reaching the IR displacement threshold correlated with increasing treatment time (Fig. 3A) . These results trended toward but did not reach statistical significance. The number of treatment stoppages based on the treatment fraction number was also measured (Fig. 3B) . On average, the number of times reaching the displacement threshold decreased between fractions 1 to 3. This was followed by an upward trend once 4 or more fractions were delivered. 
Discussion
Stereotactic radiosurgery requires accurate and precise delivery of high-dose radiation to a specified target while minimizing potentially toxic radiation to the surrounding tissue. Rigid fixation with a stereotactic head frame allows for immobilization of the patient's head and serves as a stereotactic coordinate system for target localization. 7 Typically, submillimeter accuracy is achievable for singlefraction treatment of small lesions. 11 Limitations of frame fixation include the invasiveness of frame placement and the difficulty in performing multifraction treatments. The difficulty in performing fractioned treatments with frame fixation is attributable to the impracticality of either leaving a patient in the frame for several days or having to reapply the frame several times over the course of treatment. Alternatively, frameless fixation through the use of a thermoplastic mask is noninvasive and makes multifraction treatments more feasible. The GK Icon is capable of frameless fixation through the use of CBCT. For frameless cases, CBCT provides a stereotactic coordinate system for target localization through coregistration of the planning MRI and reference CBCT. Additionally, CBCT can be used to verify patient position during setup prior to irradiation. 1 In this study, we utilized CBCT to compare motion uncertainties between frame-based fixation and mask-based fixation while using the GK Icon.
Setup error based on CBCT measurements was mea-
FIG. 1. A:
Scatter plot of translational setup errors for frame-and mask-based fixation. Maximal translation displacement for frame-based fixation was 1.02, 0.57, and -0.87 mm in the x-, y-, and z-axis, respectively. Maximal translation displacement for mask-based fixation was -2.95, 2.45, and 5.7 mm in the x-, y-, and z-axis, respectively. B: Scatter plot of rotational setup errors for frame-and mask-based fixation. Maximal rotational displacement for frame-based fixation was 1.13°, 0.83°, and 0.47° in the x-, y-, and z-axis, respectively. Maximal rotational displacement for mask-based fixation was 2.67°, 3.9°, and -4.1° in the x-, y-, and z-axis, respectively. sured for patients undergoing frame-based and maskbased fixation. Overall average motion error was low for both groups: less than 1 mm in the translational direction and less than or equal to 1° in the rotational direction.
There was a significant difference in the z-rotational direction between the two fixation groups. This error was small, approximately 1°, which is unlikely to be clinically significant. The resulting difference is likely due to statistical error or sampling basis. However, mask fixation demonstrated a significantly higher degree of variability in error, with a larger maximal displacement in each direction, compared to that with frame fixation. While small, the setup error can occur for frame patients. In particular, frame slippage can occur in the time between frame placement and the start of treatment, leading to mistargeting of the lesion. 14 Li et al. measured the setup error for frame fixation using a modified GK Perfexion unit equipped with CBCT. 9 They found the setup error to be low, less than 1 mm in the translational direction and less than 1° in the rotational direction. Our results show similarly low setup errors using the GK Icon. For patients undergoing frame-based fixation on the GK Icon system, pretreatment CBCT scans can be obtained to confirm setup accuracy. Our results can be used as quality assurance thresholds. Several studies have measured setup motion uncertainties associated with the thermoplastic mask fixation used in LINAC-based systems. 2, 5, 8, 10, 13, 19 Kataria et al. found pretreatment uncertainties for frameless SRS to be (translational) x = -0.40 ± 0.9 mm, y = 1.10 ± 1.1 mm, z = -0.5 ± 1.3 mm, (rotational) x = -0.11 ± 0.78°, y = 0.2 ± 0.44°, z = -0.29 ± 0.35°. 5 These results are within the range of the measured uncertainties in our study.
We also compared intrafraction motion uncertainties between frame-based and mask-based fixation. The intrafraction error was greater for mask patients than for frame patients in all three directions for both translation and rotation. Additionally, mask fixation demonstrated significantly higher variability than frame fixation. The
FIG. 2. A:
Scatter plot of intrafraction setup errors for frame-and mask-based fixation. Maximal translational displacement for frame-based fixation was -0.14, 0.08, and 0.21 mm in the x-, y-, and z-axis, respectively. Maximal translational displacement for mask-based fixation was -2.67, -2.53, and -6.97 mm in the x-, y-, and z-axis, respectively. B: Scatter plot of rotational intrafraction errors for frame-and mask-based fixation. Maximal rotational displacement for frame-based fixation was -0.09°, 0.29°, and -0.44° in the x-, y-, and z-axis, respectively. Maximal rotational displacement for mask-based fixation was 2.57°, 2.85°, and 3.27° in the x-, y-, and z-axis, respectively.
greater overall error and variance in the mask fixation group is likely due to several factors including conformity of the mask to the patient's face, amount of pressure applied by the mask on the skin, and deformations in mask assembly. 10 Moreover, the ability of the patient to tolerate the procedure and limit their head movement can also affect accuracy. While CBCT allows for measuring motion error at the start and completion of treatment, it does not allow for real-time monitoring of motion during the treatment itself. Infrared tracking of a patient nose marker allows for real-time monitoring of head movement during treatment. Thermoplastic mask fixation in combination with IR tracking has been demonstrated to be sensitive for detecting motion at the nose tip. 8 At our institution, we use an IR displacement threshold of 1.5 mm. Once patient movement reaches this threshold, the treatment will be automatically stopped and CBCT can be performed to reset the patient into the desired position. A tighter threshold can be used to ensure less intrafractionation motion; however, this may increase the number of stoppages and thus prolong treatment time. We also measured the number of stoppages due to reaching the IR displacement threshold compared to the treatment fraction number. Over the course of the first 3 fractions, the number of treatment stoppages trended downward. We then saw an upward trend in stoppages for fractions 4 and 5. Yet, these results can only be reported as observations given our limited number of cases. A larger number of patients will be needed to draw statistical conclusions from the data.
Furthermore, we stratified patients into two groups, metastases versus nonmetastases, to determine if the type of pathology being treated influenced the motion error. Overall, treatment pathology did not influence motion error. As in the primary analysis of all patients, mask fixation demonstrated translational and rotational setup errors similar to those for frame fixation but a higher degree of variability in error measurements for both metastases and nonmetastases groups. Also, intrafraction error and variance in error were significantly greater for mask fixation than for frame fixation for both groups. Comparing metastases and nonmetastases for frame or mask fixation alone did not show any differences in motion uncertainties.
As hypofractioned GK SRS becomes more prevalent, the use of noninvasive fixation will increase. While previous studies using LINAC-based SRS have shown motion uncertainties to be equivalent between frame and mask fixation, GK SRS tends to involve longer treatment times and thus has a greater potential for motion error. 5, 9 If motion error leads to decreased target accuracy, there is the potential for geographic mistargeting and potential injury to surrounding tissue. A better understanding of motion error associated with noninvasive fixation is essential. This is the first study to compare motion error associated with frameand mask-based fixation using the GK Icon. We found motion error to be low in both frame and mask fixation. However, mask fixation tended to demonstrate higher variability in the maximal displacement of error. This increased motion variability should be taken into account when treating small lesions or lesions near critical structures.
The present study has a few limitations. As a retrospective study, patients were not randomized to either frame-or mask-based fixation, resulting in potential selection bias. Also, this study focuses on setup and intrafraction uncertainties; however, there are other potential sources of error that contribute to the accuracy of GK treatment, including MRI-CT registration uncertainty, CBCT-CT registration uncertainty, and interobserver variation in target volume delineation. 18 Chung et al. measured image coregistration error for frameless SRS using the GK Icon.
1 They found that the uncertainties associated with MRI-CT registration and CBCT-CT registration were less than 1 mm. We, therefore, made the assumption in our study that registration error has a minimal clinical impact. Additionally, the variability in error seen in mask fixation is directly dependent on the IR displacement threshold. If we were to lower the threshold to less than 1.5 mm of displacement, it would likely decrease error variability; however, treatment stoppages would increase and overall treatment time would be prolonged. The reverse would be seen if the threshold were to be increased. Therefore, we believe that using a displacement threshold of 1.5 mm results in submillimeter accuracy while limiting the number of treatment stoppages.
Conclusions
In summary, submillimeter motion uncertainty exists for frame-based and mask-based fixation using the GK Icon. Overall, mask fixation demonstrates a significantly higher degree of error variability than that with frame fixation both at setup and at intrafractionation. The variability in motion error associated with mask fixation must be taken into account when planning for small lesions or lesions near critical structures. Additionally, CBCT can be used to assess motion error for frame-and mask-based fixation and serve as a quality assurance tool.
